Abstract. The images obtained in ghost imaging with pseudo-thermal light sources are highly dependent on the spatial coherence properties of the incident light. Pseudo-thermal light is often created by reducing the coherence length of a coherent source by passing it through a turbid mixture of scattering spheres. We describe a model for simulating ghost images obtained with such partially coherent light, using a wave-transport model to calculate the influence of the scattering on initially coherent light. The model is able to predict important properties of the pseudo-thermal source, such as the coherence length and the amplitude of the residual unscattered component of the light which influence the resolution and visibility of the final ghost image. We show that the residual ballistic component introduces an additional background in the reconstructed image, and the spatial resolution obtainable depends on the size of the scattering spheres.
Introduction
The ghost imaging technique produces an image of an object from a measurement of the fourthorder (i.e. intensity) correlation function. A twin beam configuration is used, in which partially coherent light is split into two paths with the object in one (test) arm (see figure 1 ). The intensity in that arm is obtained with a detector possessing no spatial resolution. The light in the second (reference) arm is detected with spatial resolution, and the final image is reconstructed from the coincidence between the two detectors. Neither of the detectors independently produces an image of the object, but the correlation between the two permits reconstruction of the image.
Ghost imaging has been demonstrated using twin-beams exhibiting quantum entanglement [1] - [3] , and with classically correlated light [4] - [8] . The quantum correlation stems from the information-sharing inherent in any entangled system [9] . Quantum ghost imaging exploits the spatial and momentum correlations between the photons generated in a nonlinear medium, typically in a parametric down-conversion process. It was thought until recently that only a quantum-entangled source could produce the correlations needed to obtain ghost images. It has now been shown that pseudo-thermal light divided by a beam-splitter, producing two classically correlated beams, can replicate nearly all experiments performed using a quantum bi-photon source [6] .
Ghost imaging can be performed with photon counting detectors [7] , with current measuring detectors such as photodiodes, or with a CCD camera [6] . Image visibility (signalto-noise ratio) is generally superior with quantum fields and single photon detectors [4] , but applications of the ghost imaging protocol (e.g. medical imaging, image cryptography) would be more practical with CCD imaging detectors and classical light.
In this paper, we use the solution of a wave transport equation describing the propagation of partially coherent light through a multiple-scattering medium to simulate near-field ghost images. We show that the presence of the residual ballistic component of the partially coherent field leads to the presence of a background in the image and the spatial resolution obtainable deteriorates with increasing size of the scattering elements relative to the wavelength.
Background
A schematic of a generic ghost imaging experiment is shown in figure 1 . In the case of classical ghost imaging, an intense beam of partially coherent light is divided by a beam-splitter resulting in two beams of light, classically spatially correlated in both the near-and far-field [6, 10] . One beam is incident on the object to be imaged (the object or test beam), and the other propagates to a detector with spatial resolution (the reference beam). The function, in the one-dimensional case, describing the intensity fluctuation correlations G(x 1 , x 2 ) contains the image of the object [6] where [11, 12] :
where I 1 and I 2 denote the intensities in the test and reference beams, respectively, x 1 and x 2 represent two points in the field and the brackets denote an average over all realisations of the field. As can be seen in (1), G depends on the two intensities at the detectors, and thus is second order in intensity. It is also apparent that a background term, I 1 (x 1 ) I 2 (x 2 ) must be subtracted from the pure intensity correlation term. We consider here a partially coherent, quasi-monochromatic, scalar classical light source described by Gaussian statistics with zero mean [13] . As a consequence, the fourth-order correlation function can be expressed in terms of the second-order (field) spatial correlation function, (x 1 , x 2 ) defined as
where E is the spatial field distribution of the source. In the case of classical two-beam imaging it can be shown [14] that G is given by:
where h 1 and h 2 are the impulse response functions describing the optical paths of the test and reference beams, respectively [15] . It is apparent from (3) that the image obtained in classical Figure 2 . Particular arrangement for obtaining a near-field transmission image of an object with two-beam correlated imaging, where in arm 1 the object is very close to the source and a lens is used to collect the light in a bucket detector, while in arm 2 an imaging configuration is used.
ghost imaging is therefore critically dependent on the second-order correlation function, , of the source.
Although the approach adopted is quite general, we here examine the influence on the resulting image in the specific case where the reference beam, shown in figure 2, is in the 2 f :2 f imaging configuration. The object is described by a complex transmission function t (x). In this case it can be shown that [6] 
where λ is the wavelength of the source, k = 2π/λ and f is the focal length of the lens. Ghost imaging experiments often determine the marginal intensity
which is equivalent to having a 'bucket' detector in the test arm. It can easily be seen that if the correlation function, (x 1 , x 2 ), is extremely narrow and can be approximated by δ(x 1 − x 2 ), then the marginal intensity will be approximately proportional to the magnitude squared of the transmission function, |t (−x 2 )| 2 , in the case of illumination with light of uniform intensity. The width of the correlation function corresponds to the spatial extent of correlations between two non-identical points in space, and is related to the coherence length of the source. In order to obtain an image of an object with high spatial resolution, must be narrow; i.e. the coherence length of the light incident on the beam-splitter must be small. Simply stated, the smallest feature in the object must be approximately larger in size than the width of (x 1 , x 2 ) [14] .
When creating a pseudo-thermal source by passing a coherent beam through a turbid medium, the second-order correlation function of the pseudo-thermal light consists of the superposition of a broad coherent ballistic (unscattered) portion, and a narrow scattered component [16] . The relative fractions of ballistic and scattered components can be changed by altering the concentration and size of the particles in the turbid medium. Previous theoretical 5 simulations of classical ghost imaging using partially coherent light assumed a beam described by a Gaussian-Schell model [17] , which does not permit an analysis of the influence on the resulting image of the properties of the scattering medium or the contribution from the residual ballistic component.
A number of methods can be used to calculate the second-order correlation function of scattered light [16] , [18] - [20] . Here, we use the method proposed by Cheng and Raymer [16] , based on a wave transport approach equivalent to using the extended Huygens-Fresnel principle in the small-angle scattering approximation [18] . Using this technique, it can be shown that after propagation through a medium with optical path length z, the spatial coherence function, J (x, s, z) = (x + s/2, x − s/2, z), where s = x 1 − x 2 and x = (x 1 + x 2 )/2, can be written in the form
and
where a is the width of the incoming coherent, assumed Gaussian profile, laser source, N is the number concentration of scatterers, σ is the total scattering cross-section, θ 0 is the width of a Gaussian fitted to the differential scattering cross-section and µ t is the extinction coefficient. These final three parameters can be obtained using Mie scattering theory [18] . Note that any absorption by the particles has been ignored in our simulations. The resulting correlation function can then be used in numerical simulations based on equation (3) to calculate the marginal intensity. Note that the spatial coherence function calculated using equation (6) refers to the field captured by the subsequent optical system. Since the aim of the simulations shown here is to highlight the salient features introduced by scattering, the effect of the finite numerical aperture of any real system is not included in any calculations shown here. Figure 3 shows (x 1 , x 2 ) for a Gaussian beam of 1/e width 2.12 mm that has passed through a 5 mm optical path length water/glycerol mixture containing 20 µm diameter polystyrene microspheres. A water/glycerol mixture is commonly used to achieve neutral buoyancy of polystyrene microspheres [21] . It can be seen that, in general, the correlation function consists of a superposition of a ballistic component which appears as a circular background and a scattered component which has a narrow distribution about the diagonal x 1 = x 2 . Hence, as the strength of the scattered component relative to the residual unscattered field increases, (x 1 , x 2 ) more closely approximates the narrow function required to produce ghost images in the configuration of figure 2. Any ballistic component still present in the beam as it leaves the scattering medium leads to a broad pedestal in (x 1 , x 2 ) which would be expected to produce a low spatial resolution background in any ghost image. It is evident that the strength of the ballistic component will decrease by increasing the concentration or the size of the particles or increasing Although the width of the ballistic component changes only slightly with changes in the parameters describing the scattering medium, the width of the scattered component, which is critical to determining the spatial resolution obtainable with the resulting pseudo-thermal source, is a sensitive function of the particle size. Table 1 shows the width of the scattered component of (x, −x) (see figure 3(e)) for scattering media containing spheres of different diameters, but with a fixed OD of 5. It can be seen that as the particle size increases, the width of the scattered component also increases and is of the same order as the particle diameter. Further simulations (not shown here) also indicate that the width, (x, −x), is independent of the dimensions of the incident Gaussian beam. Implications for ghost imaging are discussed in the next section.
Correlation function

Imaging simulation
The results of our simulations show that there are two critical parameters in estimating the quality of a ghost image: the relative strength of the ballistic component compared to the scattered component and the coherence length of the scattered component. To investigate the influence that the properties of the scattering medium have on the marginal intensity of a ghost image, correlation functions computed using equation (6) were used to simulate the results for the imaging arrangement shown in figure 2 . Images of an opaque mask containing two slits of width 150 µm and separated by 300 µm were calculated. A scattering medium of path length 5 mm and containing particles with diameters of 20 µm was used and the impact of changing the particle concentration on the marginal intensity is shown in figure 4 .
It can be seen that the marginal intensity is a superposition of a broad background produced by the residual ballistic component and an image of the object (modulated by the intensity of the field) resulting from the low coherence scattered component. Note that the background is in addition to the intensity background that must be subtracted from the intensity correlations to determine G in equation (1) . The presence of a significant ballistic component permits imaging of objects with detail no smaller than approximately the diameter of the original coherent light source, so in this case, where the beam diameter is 2.12 mm, the ballistic portion of the light carries no object information. Figure 4 shows that the OD can be selected to reduce the ballistic contribution to an arbitrarily low level. Secondary methods, such as the inclusion of a rotating diffuser are also widely employed to eliminate any remaining unscattered component.
To demonstrate the effect that increasing the diameter of the scattering spheres has on the resolution of a ghost image, for a fixed OD of 5 and wavelength of 633 nm, the transmission function was changed to represent a double slit mask with a slit width of 20 µm and a slit separation of 30 µm. The results are shown in figure 5 .
It is immediately clear from figure 5 that increasing the diameter of the scatterers, while keeping both the OD of the medium and the wavelength of the light fixed, leads to poorer spatial resolution in the ghost image. The larger diameter spheres create a more coherent scattered wave with a narrower differential scattering cross-section. As a consequence, the object becomes less well resolved as the sphere diameter increases. It has previously been shown [22] by a consideration of the near-field speckle size that the spatial resolution obtainable is of the order of magnitude of the particle size which is consistent with the results obtained here. Note that the key parameter determining the differential scattering cross-section, is the ratio of the particle diameter to the wavelength of the light used. Hence, it is anticipated that it is this parameter that will ultimately influence the spatial resolution. It should also be emphasised that our simulations show no influence of the incident beam size on the spatial resolution obtainable. Since perfect ensemble averaging is implicitly assumed in the use of the wave-transport approach, one of its limitations is that it provides no specific information about the obtainable image signal-to-noise ratio. Such issues are better addressed through a stochastic approach. Imaging has been performed with light that has passed through a scattering medium with a fixed OD of 5 containing spheres with different diameters. The wavelength is 633 nm.
Conclusion
The wave transport model used in this paper provides a means to predict the coherence of pseudo-thermal light created by passing initially coherent light through a scattering medium. The calculated coherence function can be used to simulate the results of classical two-beam ghost imaging experiments.
Two central conclusions can be drawn. Firstly, the presence of the residual ballistic component in the scattered wave-field leads to the presence of a low-resolution background in the marginal intensity. We have shown that increasing the OD of the scattering medium can reduce the influence of the ballistic component to an arbitrarily low level, although there are a number of secondary means that could also be used to reduce its strength. Secondly, for a fixed wavelength, the spatial coherence length of the scattered component of the field increases with increasing sphere diameter, leading to a deterioration in the spatial resolution obtainable in the resulting ghost image. More generally, the spatial resolution will be determined by the ratio of the particle size to the wavelength of light used.
